The nucleosome repeat structure of a rat liver chromatin component containing the satellite I DNA (repeat length 370 bp) was investigated. Digestion experiments with micrococcal nuclease, DNAase II, and the Ca^+/Mg2 + -dependent endogenous nuclease of rat liver nuclei revealed a repeat unit of 185 nucleotide pairs which is shorter by approximately 10 bp than the repeat unit of the bulk chromatin of this cell type. The difference seems not to be related to the histone composition which was found to be similar in the two types of chromatin.
INTRODUCTION
The basic features of the repeating nucleosorae structure of chromatin are well established (1) (2) (3) . Differences in repeat lengths which have been found between different species (e.g. 4, 5) , between different cells of the same organism (e.g. 6) , and recently also between a specific gene and the bulk chromatin of the same cell (7, 8) are attributed to the linker region of the nucleosomes. The structural details of the linkers are nuch less understood at present than the structure of the nucleosome core itself. The differences in linker lengths may be related for instance to variations in H1 and/or non-histone protein composition.
Chromatin containing satellite DNA (for reviews see 9,10) provides a unique experimental opportunity for a detailed investigation of the positioning of nucleosomes on the repeating units of the satellite DNA. So far, the structure of African green monkey chromatin containing the a-satellite DNA has been Dedicated to Professor F. Egami on the occasion of his 70th birthday. studied most intensively. A simple phase relationship between the spacing of the nucleosomes and the repeat of the satellite DNA sequence was proposed (11) . However, the conclusions of the authors were questioned by others (12, 13) and an alternative explanation was presented (13) for some of the experimental results. But it was stressed that other kinds of specific arrangements of the nucleosome on the DNA as observed in a number of systems (e.g. 14-16) may be operative also in satellite DNA containing chromatin (13) .
We have studied now the satellite I DNA containing chromatin of rat which was isolated in practically pure form (17) and the DNA component of which was sequenced (18) . In the present paper we report on the repeat unit of this chroraatin component and on its protein composition. In the following paper (19) detailed studies on the organization of nucleosomes on rat satellite I DNA will be described.
MATERIALS AND METHODS
Preparation of rat liver nuclei and endonuclease digestion experiments. Nuclei were prepared essentially according to the procedure of Hewish and Burgoyne (20) using the buffer as specified (21) with some modifications in the centrifugation procedures and storage conditions of the nuclei (22) . Nuclei were digested with raicrococcal nuclease at 37° (22) , with some modifications: 1 mM PMSF was present during the digestions, after digestion the nuclei were pelleted and resuspended in 20 mM Tris-HC1, pH 7.8, 1 mM EDTA and 0.2 % SDS for proteinase K (E. Merck, Darmstadt) treatment; since most of the proteinase K could easily be removed by one ethanol precipitation, phenol extractions were not necessary. In digestion experiments with the endogenous nuclease of rat liver nuclei, the concentration of CaCl, and MgCl-were 2 mM and 7 mM, respectively. Otherwise buffer and procedures were the same as used for micrococcal nuclease digestions. Before digestion with DNAase II nuclei were washed three times as described (22) in order to remove spermine and spermidine. Digestion conditions were similar as described (22) , except that the buffer contained 0.5 mM Tris-HCl (23) and 1 mM PMSF. Digestion was terminated by adding an equal volume of 1OO mM Tris-HCl, pH 8.5, 34 mM EDTA and 0.8 % SDS. After ethanol precipitation, in order to remove PMSF, the pellet was dissolved by proteinase K treatment as above. The gel electrophoresis conditions were as described (22) . Blotting was done according to Southern (24) and nick-translation of the satellite probe according to Rigby et al. (25) . Hybridizations were according to reference (26) except that the times for prehybridization and the final washing were reduced to 2-3 h each; the hybridizations were carried out overnight in slowly rotating 1OO ml cylinders with 2.2 ml hybridization solution.
Preparation of satellite I DNA containing chromatin and analysis of protein composition. Satellite I DNA containing chromatin was extracted from EcoRI digested rat liver nuclei and further purified essentially as described previously (17) . 8000 units/ml EcoRI ( 1 unit/tig of nuclear DNA) were used during a 30 min incubation time instead of the amounts described in our previous publications (17, 27) . One unit is defined as the amount of enzyme, which is sufficient to digest to completion 1 ug of XDNA in a total volume of 20 ul at 37° in 1 h. All buffers contained 1 mM PMSF. Pooled fractions from sucrose gradients were supplemented with 5 mM MgCl-, 50 mM NaCl and ethanol precipitated. The pelleted chromatin was dissolved in 10 mM Tris-HCl, pH 7.6, 1 mM EDTA, 0.5 % SDS, DNA and proteins separated by the phenol procedure (28) . Proteins were dissolved and subjected to electrophoresis (29) on 12 % polyacrylamide gels.
RESULTS
Digestion of rat liver nuclei with micrococcal nuclease and analysis of the nucleosome repeat length in satellite I DNA containing chromatin. Brief digestion of rat liver nuclei with micrococcal nuclease is known to result in the liberation of mono-and oligonucleosomes from the chromatin fiber. In such a digest the distribution of satellite I DNA sequences can be analyzed with the blotting technique of Southern (24) . As a probe we used highly purified (18) satellite I DNA which had been labelled by nick-translation. The probe did not contain sizeable amounts of other rat DNA sequences; at least such sequences, if present at all, did not contribute significantly to the radioactive signals of our blots under the hybridization and autoradiography conditions used. This can be concluded from a comparison of blots of restriction nuclease digested unfractionated DNA and purified satellite I DNA.
In Because of very weak bands in the hybridization background we cannot exclude, however, that a small fraction of the satellite DNA is organized in a 195 bp register.
Control experiments with admixed markers showed that migration artifacts of various kinds play a negligible role. The G+C content of rat satellite I is close to the one of bulk DNA. Therefore base composition dependent deviations of the electrophoretic mobilities are unlikely.
The intensity distributions of bands in the ethidium bromide stained gel and in the autoradlogram are rather similar indicating a comparable susceptibility to micrococcal nuclease of satellite DNA and bulk DNA containing chromatin.
The results obtained with unfractionated chromatin were confirmed by micrococcal nuclease digestion studies with soluble chromatin fractions enriched in satellite I DNA sequences (17) . On well resolving gels we observed that the broad nucleosomal bands are in fact composed of a series of rather sharp bands (Fig.  2a) , some of which may be lost on reproduction of the photograph. Because of loss of resolution during Southern transfer the sharp bands cannot be seen in the autoradiograms of Fig. 1. The existence of sharp bands (Fig. 2a) shows that cleavage of the linker region of satellite I containing nucleosomes with micrococcal nuclease is non-random and may be due to specific DNA-histone interactions in linker regions. Since, however, the DNA derived from the chromatin fraction by deproteinization also revealed a number of sharp bands on micrococcal nuclease digestion (Fig. 2b-h) , at least some of the bands of the chromatin digest (Fig. 2a) may be due to the known preference (31) of raicrococcal nuclease for AT-rich sequences. Because of the sequence preference of micrococcal nuclease it was crucial to investigate the repeat lengths of satellite I containing chromatin also with other nucleases. Analysis of the nucleosomal repeat lengths in digests of rat liver nuclei as prepared with endogenous nuclease and DNAase II. Autodigestion of nuclei in the presence of Ca + and Mg + led to the known nucleosomal pattern (20) upon gel electrophoresis. As in the micrococcal nuclease digests, the bands appeared in a 195 bp register (Fig. 3A) . When the DNA bands were blotted and hybridized with 32 P-labelled satellite I DNA (Fig. 3B) , hybridization was seen in a 185 bp register. A nearly perfect coincidence was observed between the radioactive nucleosomal bands pro duced by the endogenous nuclease and the bands originating from the digestion of satellite DNA by EcoRI as can be seen in the autoradiography (Fig. 3B ) and in the respective scan (Fig. 3C) . Artifacts of electrophresis were excluded by addition of marker DNA to the autodigested material.
Analogous results were obtained in DNAase II digestion experiments (not shown). The bands visualized by ethidium bromide staining were spaced at 195 bp distances in agreement with the assumed 195 bp repeat length of nucleosomes of the bulk of rat liver DNA. In the autoradiography of the Southern blot there was again a coincidence in the mobilities of DNAase II and EcoRI produced fragments indicating a 185 bp rather than a 195 bp repeat length of the nucleosomes on satellite I DNA.
Protein composition of satellite I DNA containing chromatin. Chromatin was extracted from EcoRI digested rat liver nuclei and satellite I DNA containing chromatin, which is enriched in such an extract, was further purified by sucrose gradient centrifugatlon (17) . DNA and protein from five gradient fractions were analyzed on agarose and SDS polyacrylaraide gels, respectively, (Fig.  4A,B) . The high molecular weight region of the gradient (fraction 4,5) contained bulk chromatin which according to EcoRI digestions of the deproteinized DNA had less than 10 % satellite I DNA. The low molecular weight region consisted of practically pure satellite I containing chromatin (fraction 2). Free protein together with mono-and dinucleosomes from satellite I containing chromatin were seen in the slowest sedimenting region (fraction
D •
In fractions 2-5 the proportions of H2A, H2B, H3 and H4 histones were virtually the same as well as the proportions of the Figure 3A ,B. Digests of rat liver nuclei with the Ca + /Mg + -dependent endogenous nuclease show that the repeat length of satellite I DNA containing chromatin is shorter than the one of bulk chromatin. Electrophoresis was on 1.8 % agarose gels. Ethidium bromide fluorescence patterns (A), and hybridization patterns (B) with 32p-labelled satellite I DNA are shown. 90 min and 2 h digests (b,c). The same digests are shown in tracks e and f, respectively, with admixed satellite DNA bands of 278, 463 and 648 bp as chain length markers. Track g, markers alone. Partial EcoRI digests of enriched satellite I DNA (18) in tracks a, d and h serve as chain length markers (in bp). Tracks i-p of Fig. 3B correspond to tracks a-h of Fig. 3A . The arrows point to the positions of mono-and oligonucleosomes, labelled 1-7. Two gels were run in parallel which were identical except for the amounts of markers: in (A) amounts detectable by ethidiura staining (which are too high for hybridization) and in (B) amounts suitable for hybridization were applied. H1 subspecies. The amount of histone H1, however, was reduced to about half in satellite containing chromatin (fraction 2) compared to bulk chromatin (fractions 4,5) when it was measured in relation to histone H4 and the other histones. The H1 deficiency may be a true property of satellite I DNA containing chromatin. It is a general observation, however, that mono-and small oligonucleosomes are H1 deficient (30, 32) . We therefore believe that at least part of the H1 has been lost during preparation from the satellite I DNA containing chromatin due to its small size.
Most of the non-histone proteins sediraented near the top of the gradient (fraction 1) and therefore represent free protein.
In agreement with previous results (21) chroraatin bound nonhistone proteins were detected only in low amounts (fractions 2-5) which made quantitation difficult. We estimate that in those fractions the amounts of individual non-histone proteins do not exceed 1 molecule per 10-20 nucleosomes.
Similar results were obtained in histone and non-histone protein analyses of satellite DNA containing chromatin which was prepared by gel filtration (33) instead of sucrose gradient centrifugation. Figure 4 . The histone composition is similar in bulk chroraatin and in satellite I DNA containing chromatin. Soluble chromatin was prepared by digestion of rat liver nuclei with EcoRI (17) . 2.5 A 260 units each of the digest were layered on isokinetic sucrose gradients (c=5%, particle density 1.51, ref. 34) and centrifuged in a SW41 rotor of a Beckraan Spinco ultracentrifuge at 4° for 16 h at 22500 rpm. Under these conditions approximately 80% of the chromatin material were pelleted. Corresponding fractions from 5 tubes were pooled. The numbers denote the fractions, 1 being the slowest and 5 the fastest sedimenting fraction. DNA and protein were separated and analyzed on a 1.5% agarose gel (A) and a 12% polyacrylamide gel (B), respectively, (Methods). Approximately 2 ng of DNA and 5O iig of protein were applied per track.
DISCUSSION
The finding in micrococcal nuclease digests of a 185 bp repeat for satellite I DNA containing chromatin and a 195 bp repeat for bulk chromatin can most simply be interpreted by differences in the nucleosomal organization. Such an interpretation, however, would not be valid on the basis of the micrococcal nuclease digestion experiments alone. This nuclease is known to have a preference for cleaving AT-rich sequences (31) and it was shown that in nuclear digests 96 % of the trinucleosomes have an A or T as 5'-terminal nucleotide (35) . Moreover, in the a-satellite DNA of African green monkey cells two highly preferred cleavage sites within the DNA repeat unit were revealed (13) . If such sites of preferential cleavage existed also in satellite I DNA, then the observed digestion patterns could reflect the repeat structure of the satellite I DNA itself rather than the nucleosomal repeat structure. Two sets of experiments were performed to rule out this possibility. Micrococcal nuclease digests of protein-free satellite I DNA were analyzed on gel electrophoresis. The generation of a number of sharp bands indicated that also in this satellite DNA preferential cleavage sites exist which may be correlated to the known sequence (18) . But the sites are spaced anywhere between 15 and 370 bp apart without a pronounced preference for a 185 bp spacing.
In a second set of experiments two other nucleases were used. Neither the Ca + /Mg + -dependent endogenous nuclease of rat liver nor DNAase II are known to have a pronounced base or sequence preference. Digestion of satellite I DNA containing nucleosomes with either one of those nucleases generated a 185 bp repeat pattern while the repeat of the bulk of the chroraatin was 195 bp. Taken together the results obtained with the three nucleases show that satellite I DNA is organized in a nucleosomal structure with a shorter repeat unit than the one of bulk chromatin of rat liver.
We were not able to relate the difference in repeat lengths between satellite and bulk chromatin to differences in histone or non-histone protein composition. There are alternative interpretations for the relatively low amount of histone H1 in satellite chromatin (see above) and the differences in non-histone protein contents are not significant. Quite different results have been reported by Muslch et al. on the a-satellite DNA containing chromatin of African green monkey cells (36) . These authors observed gross differences in the non-histone protein contents of satellite and bulk chromatin and found in the satellite chromatin histone H1 to be replaced by five non-histone proteins. Since the conditions of EcoRI digestion of nuclei, of chromatin extraction, and of the subsequent centrifugation of the digests are rather similar to ours, species differences and differences in the preparation of the nuclei remain as possible reasons for the different findings.
The periodicity of 370 bp in the rat satellite I DNA is twice the size of the nucleosomal repeat (185 bp) in this chromatin fraction. This relationship may be fortuitous but we cannot exclude the possibility that the nucleosome structure is an essential element in the generation and evolution of repeated DNA sequences (11, 37) . The numbers raise the possibility that the DNA repeat influences the nucleosomal repeat, a topic to which we address ourselves in the following paper (19) .
